
THE TURBULENT BOUNDARY LAYER ON A POROUS PLATE: 

EXPERM-BNTAL HEAT TRANSFER WITH UNIFORM BLOWING --. 

-AND SUCTION. WITH MODERATELY STRONG ACCELERATION 

sv 
W. H. Thielbahr, W. M. Kays, and R. J. Moffat 

Report HMT-11 

This study supported 
h 

T'he National Science Foundation 
NSF OK-2201 

and 

The National Aeronautics and Space Administration 
NGL 0;5-020-134 

Tbrmotciencer Division 
Department of Mechanical Enginwring 

Stanford University 
Stanford, California 

CASE FILE 
C O P Y  

https://ntrs.nasa.gov/search.jsp?R=19700024647 2018-07-25T14:13:06+00:00Z



TKE TURRTJLENT BOIJI\TDARY W E R  ON A POROUS PLATE: 

EXPERIMENTAL HEAT TRANSFER WITH UNIFORM BLOWING 

AND SUCTION, WITH MODERATELY STRONG ACCEIERATION 

BY 

W. H.  Thielbahr,  W .  M.  Kays, and R .  J .  Moffat 

Report HMT-11 

This study supported 

The National Science Foundation 
NSF GK-2201 

and 

The National Aeronautics and Space Administration 
NGL 05-020-134 

Thermosciences Divis ion 
Department of Mechanical Engineering 

Stanford Universi ty  
Stanford,  Ca l i fo rn ia  

Apr i l  1970 



ABSTRACT 

Experimental d a t a  a re  presented f o r  hea t  t r a n s f e r  t o  the 

t r a n s p i r e d  tu rbu len t  boundary l aye r  sub jec t  t o  a c c e l e r a t i o n  

a t  cons tant  values of the a c c e l e r a t i o n  parameter, 

2  
K = (v/u_)  ( d ~ d d x ) ,  of approximately 1.45 x  This i s  a 

moderately s t rong  acce le ra t ion ,  but  not so  s t rong  as  t o  r e s u l t  

i n  laminar iza t ion  of the  boundary l a y e r .  The r e s u l t s  f o r  

t r a n s p i r a t i o n  f r a c t i o n s ,  F , of -0.002, 0 .0,  and +0.0058 a re  

presented i n  d e t a i l  i n  t a b u l a r  form, and i n  graphs of Stanton 

number versus enthalpy thickness  Reynolds number. In  addi t ion ,  

temperature p r o f i l e s  a t  s e v e r a l  s t a t i o n s  are  presented.  

Stanton number r e s u l t s  f o r  F  = -0.004, +0.002, and f0.004 are  

a l s o  presented, but  i n  graphica l  form only. 

The da ta  were obtained using a i r  as a  working f l u i d ,  a t  

r e l a t i v e l y  low v e l o c i t i e s ,  and with temperature d i f f e rences  

suff  i c i e n t l y  low (approximately 4 0 ' ~ )  so  t h a t  the  inf luence of 

temperature-dependent f l u i d  p roper t i e s  i s  minimal. A l l  da ta  

were obtained with the  sur face  maintained a t  a  temperature in-  

v a r i a n t  i n  the d i r e c t i o n  of flow. 



NOMENCLATURE 

English L e t t e r  Symbols: 

2  
C f  f r i c t i o n  c o e f f i c i e n t  (cf/2 = g , ~ ~ / p , ~ , )  

c s p e c i f i c  hea t  a t  cons tant  pressure  
P 

F blowing f r a c t i o n  (F = fir'/ (u,p,) ) 

c p ropor t iona l i ty  f a c t o r  i n  Newton's 2nd Law 

v e l o c i t y  p r o f i l e  shape f a c t o r  

s t agna t ion  enthalpy 

2 
a c c e l e r a t i o n  parameter ( K  = (v/u_)du/dx) 

mass f l u x  through wal l  (pos i t ive  i f  flow i s  i n t o  the  

boundary l a y e r )  

pressure  

non-dimensional pressure-gradient  parameter 

(P+ =-K/ (Cf/2) 3 / 2 )  

hea t  f l u x  normal t o  free-s tream flow d i r e c t i o n  

enthalpy thickness  Reynolds number ( ~ e ~  = .A,~,pdp,) 

momentum thickness  Reynolds number (ReM = 6 2 ~ , p d ~ , )  

i n t eg ra ted  x-Reynolds number ( ~ e  x = 

Stanton number (see Eq. 5) 

t temperature 

T absolute  temperature 



- 
t temperature d i f ference  r a t i o  (% = (t-t,) /(tw-t,) ) 

tC non-dimensional temperature (t+ = /st) 

Urn f ree-s t ream v e l o c i t y  

u v e l o c i t y  component i n  x -d i rec t ion  

uf non-dimens iona l  v e l o c i t y  (u' = u/ (u, 

a  blowing parameter ( v i  = F/ ) 

x dis tance  measured i n  d i r e c t i o n  of flow 

Y d is tance  measured normal t o  flow 

Y+ non-dimensional d is tance  from wal l  (yf = yU, 

Greek L e t t e r  Symbols: 

62 momentum thickness  of boundary l a y e r  

A2 
enthalpy thicirness of boundary l w e r  (see Eq .  ( 3 ) )  

v kinematic v i s c o s i t y  ( v  = p/p) 

CL dynamic v i s c o s i t y  

P f l u i d  dens i ty  

T shear  s t r e s s  

Subscr ip ts :  

w r e f e r s  t o  evalua t ion  a t  the  wal l ,  o r  wal l  s t a t e  

a r e f e r s  t o  evalua t ion  i n  the  free-s tream 

s r e f e r s  t o  s t agna t ion  condi t ion  

T r e f e r s  t o  the s t a t e  of the t r ansp i red  f l u i d  before 

passing through sur face  p l a t e  



INTRODUCTION AND OBJECTIVES 

This  paper i s  one of a s e r i e s  on momentum and h e a t  t r a n s f e r  

p roces se s  i nvo lv ing  the  t r a n s p i r e d  t u r b u l e n t  bounda,ry l a y e r .  A 1 1  

of t h e s e  papers  a r e  based on data ob ta ined  a s  p a r t  of a  systemadtic 

exper imenta l  i n v e s t i g a t i o n  empl-oying the  S tanford  Heat and Mass 

T r a n s f e r  Apparatus.  

The f i r s t  two papers  i n  t h i s  s e r i e s ,  Moffat and Kays [ I ] ,  

and Simpson, Moffat ,  and Kays [2], covered t h e  h e a t  t r a n s f e r  

and hydrodynamics f o r  c o n s t a n t  f r e e - s t r e a m  v e l o c i t y ,  and consta,nt  

s u r f a c e  temperature ,  w i th  a  range of c o n s t a n t  blowing and s u c t i o n  

f r a c t i o n s  from "blotv-off" t o  asymptotic s u c t i o n .  Whit ten,  ;\!!offst, 

and Kays [ 3 ]  a g a i n  cons idered  hea t  t r a n s f e r ,  u s i n g  a  c o n s t a n t  

f r e e - s t r e a m  v e l o c i t y ,  b u t  included t h e  i n f luence  of bo th  blowing 

f r a c t i o n  and s u r f a c e  temperature  vary ing  i n  t he  main f low 

d i r e c t i o n .  Simpson, Whit ten ,  and Moffat [4] i s  a  s tudy  of t u r -  

b u l e n t  P rand t l  numbers e x t r a c t e d  from the  d a t a  of t he  f i r s t  

two papers .  

A second phase of t h e  program has been concerned wi th  t he  

i n f luence  of f r ee - s t r eam a c c e l e r a t i o n  on bo th  t he  momentum and 

h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of the  t r a n s p i r e d  t u r b u l e n t  bou.1?dary 

l a y e r .  The f i r s t  paper  i n  t h i s  phase, Kays, Moffat ,  and. 

Thie lbahr  [5], i s  spec i f  i c a l l y  concerned wi th  t h e  phenomena 

I I d e sc r ibed  a s  l a m i n a r i z a t i o n f f  i n  a,li a c c e l e r a t e d  t r a n s p i r e d  t u r -  

b u l e n t  boundary l a y e r ,  and a l s o  wi th  a. f  i i? i  t e - d i f f e r e n c e  p r e d i c -  

t i o n  technique t h a t  adequa te ly  p r e d i c t s  t he  e f f e c t s  of s t r o n g  

a r . ce l e r a t i ons ,  and p re i i i c t s  v i r -cua l ly  a l l  of t h e  ~ s u l t s  i l l  I:?e 

p reced ing  papers .  Icays, Moffat ,  arid Thie lbahr  c o n t a i n s  ssr?rL?s 

of t he  exper imental  d a t a  obta ined dur ing  t he  a e c e l e r a t i o i .  pi??se 



of the program, but  s ince  these  d a t a  a re  only used t o  support  a  

I 1  d i scuss ion  and ana lys i s  of the laminar iza t ion"  phenomena, they 

a re  not  presented i n  s u f f i c i e n t  d e t a i l  t o  be u s e f u l  t o  o the r  

workers. The primary ob jec t ive  of the  present  paper, as  we l l  

as  t h a t  of a  companion paper, J u l i e n ,  Kays, and Moffat [ 6 ] ,  i s  

t o  present  and document some s e l e c t e d  experimental  da ta ,  obtained 

under a moderately s t rong  free-s tream acce le ra t ion ,  i n  s u f f i c i e n t  

d e t a i l  and with a l l  of the  experimental  condi t ions  s u f f i c i e n t l y  

descr ibed,  s o  t h a t  o ther  workers can make meaningful comparisons 

with d a t a  and t h e o r e t i c a l  p red ic t ion  techniques.  J u l i e n ,  Kays, 

and Moffat [6]  i s  confined t o  the  momentum boundary l a y e r  alone,  

while the  present  paper i s  concerned with the  development of the  

thermal boundary l a y e r .  No t h e o r e t i c a l  ana lys i s  i s  presented i n  

e i t h e r  case;  t h e  purpose of these papers i s  to present f a c t s  and 

d a t a  t h a t  can be used t o  t e s t  the  v a l i d i t y  of new t h e o r i e s .  

S p e c i f i c a l l y ,  the  ob jec t ives  of the  present  paper a r e :  

1. To present  Stanton number d a t a  taken under condi t ions 

of cons tant  sur face  temperature, f o r  th ree  t r a n s p i r a -  

t i o n  r a t e s :  (F = -0.002, 0.0, +0.0058) f o r  one case 

of moderately s t rong  constant  K acce le ra t ion ,  K = 1.47 

x including the constant  ve loc i ty  recovery region 

fol lowing the  acce le ra t ion ,  and the cons tant  ve loc i ty  

region before acce le ra t ion .  

2. To present  a  s e r i e s  of temperature p r o f i l e s  taken 

simultaneously with the  Stanton number da ta ,  covering 

the same range of condi t ions.  



THE: ASYMPTOTIC BOUNDARY LAYER 

v durn The a c c e l e r a t i o n  parameter K(K = 7 --) i s  a  convenient 
U, dx 

measure of the  s t r e n g t h  of an imposed pressure g rad ien t .  This 

parameter appears e x p l i c i t l y  i n  a  p a r t i c u l a r  form of the  two- 

dimensional, i n t e g r a l  momentum equat ion,  

Examination of Eq. (1) revea l s  t h a t  i f  K i s  p o s i t i v e  

and cons tant ,  and F cons tant ,  t he  term dReM/dRex can vanish 

i f  cf , ReM and H reach appropr ia te  va lues .  A boundary l a y e r  

having a  cons tant  momentum thickness  Reynolds number w i l l  be 

If c a l l e d  an asymptotic 'I boundary l a ~ r e r .  This p a r t i c u l a r  type of 

boundary l a y e r  i s  charac ter ized  by cons tant  ReM , K ( p o s i t i v e ) ,  

and F . Furthermore, i f  the  hydrodynamic p r o f i l e s  were com- 

p l e t e l y  s i m i l a r ,  then H and cf would a l s o  be cons tant .  Under 

these condi t ions ,  the  important inner  region va r i ab les  P+ and 

v+ remain cons tan t ,  
W 

Exact so lu t ions  t o  the asymptotic laminar boundary l a y e r  

a r e  a v a i l a b l e  [TI. Townsend [8] considered an exact ly  s e l f -  

preserving tu rbu len t  boundary l a y e r  with constant ,  p o s i t i v e  K , 

and showed i t  possessing a  constant  ReM . Launder and Stinchcombe 

[ g ]  e s t a b l i s h e d  a  tu rbu len t  boundary l aye r  a t  a  constant  value of 

K , and obtained near-constant ReM , cf , and H . 

Because s o  many parameters remain cons tant ,  the asymptotic 

boundary l a y e r  provides a  p a r t i c u l a r l y  convenient conf igura t ion  

f o r  study of acce lera ted  boundary l a y e r s .  Although the o v e r a l l  



exper imenta l  program covered a range of va lues  of K , t he  

6 p r e s e n t  paper i s  r e s t r i c t e d  t o  K - 1.45 x 10- . I n  a d d i t i o n ,  

a l l  runs  were r e s t r i c t e d  t o  c o n s t a n t  blowing f r a c t i o n  (F) and 

c o n s t a n t  s u r f  ace  t empera ture  (to) boundary c o n d i t i o n s ,  The 

blowing f r a c t i o n  ranges  from -0.004 - < F - < +O.006 . This range 

of F  i s  of p r a c t i c a l  i n t e r e s t  s i n c e  t h e  upper l i m i t  i s  n e a r  

blow-off (F - +0.010),  and asymptot ic  s u c t i o ~  cond i t i ons  (where 

S t  = -F) a r e  r a p i d l y  approached a t  F  = -0.004 . 

EX PER IMENTAL APPARATUS 

A l l  d a t a  were t aken  on t h e  S tanford  Heat and Mass T rans fe r  

Apparatus.  This appara tus  p rov ides  t h e  c a p a b i l i t y  of a c c u r a t e l y  

e v a l u a t i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  a long  a f l a t  s u r f a c e  i n  t h e  

presence of (1) a r b i t r a r y  f r ee - s t r eam ve loc i ty .  ~ i s t r ib -c rc t ion ,  

( 2 )  a r b i t r a r y  s u r f a c e  t r a n s p i r a t i o n  (blowing o r  s u c t i o n ) ,  and 

(3) a r b i t r a r y  s u r f  ace temperature  d i s t r i b u t i o n ,  The working 

f l u i d  i s  a i r .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  appara tus  can  be found i n  

r e f e r ence  [ I ] .  B r i e f l y ,  t h e  t e s t  s e c t i o n  is  a r e c t a n g u l a r  f low 

duc t  e i g h t  f e e t  long  by twenty inches  wid.e by s i x  inches  h igh  

(at  t h e  a i r  f r ee - s t r eam e n t r a n c e )  . Twenty-four porous bronze 

p l a t e s  form t h e  lower s u r f a c e ,  two s t a t i o n a r y  p l e x i g l a s s  w a l l s  

form t h e  s i d e s ,  and a f l e x i b l e  p l e x i g l a s s  t o p  prov ides  t h e  means 

t o  prod-uce any d e s i r e d  v a r 2 a t i o n  i n  f r ee - s t r eam v e l o c i t y .  A l l  

d a t a  were t aken  on the  c e n t e r  sLx-inch span of each porous segment. 

The main a i r  system i s  supp l i ed  by a  2000 scfm blower which can  

produce up t o  44 f t / s e c  f r ee - s t r eam v e l o c i t y  a t  t he  duct  e n t r a n c e .  

-4- 



The t r a n s p i r a t i o n  a i r  system provides i n d i v i d u a l  c o n t r o l  of flow 

through each of the  twenty-four porous p l a t e s ,  The p l a t e s  a r e  

e l e c t r i c a l l y  heated s o  the  system can opera te  wi th  no su r face  

mass t r a n s f e r .  The t r a n s p i r a t i o n  system a l s o  has the  c a p a b i l i t y  

f o r  simultaneous blowing and s u c t i o n  through d i f f e r e n t  p l a t e s .  

Each porous p l a t e  i s  O,25 inches t h i c k ,  s i n t e r e d  toge the r  

from s p h e r i c a l  bronze p a r t i c l e s  (0.002 t o  0.007 inches d i ame te r ) .  

The su r face  has an RMS roughness of 50-200 microinches (measured 

with  0.0005 inch r ad ius  s t y l u s ) ,  and the  p l a t e  is  uniformly 

porous (+ - 6%) over the  c e n t e r  s i x  inch span.  Each p l a t e  5s 

hea ted  i n d i v i d u a l l y  by e l e c t r i c a l  energy d i s s i p a t e d  from 0.012 

inch diameter wires  glued i n t o  grooves on t h e  back of the  p l a t e .  

The spac ing  of the  wires  was s e l e c t e d  t o  y i e l d  n e g l i g i b l e  tempera- 

t u r e  v a r i a t i o n  across  the  p l a t e  s u r f a c e .  Each p l a t e ' s  su r face  

temperature i s  determined from an average of f i v e  i ron-constantan 

thermocouples imbedded i n  the  p l a t e  a t  a  depth of 0.040 inches 

from t h e  f ree-s t ream s u r f a c e .  

Acce lera t ion  of the  main stream i s  n e c e s s a r i l y  accompanied 

by a  g rad ien t  i n  s t a t i c  p res su re  i n  the  flow d i r e c t i o n .  This 

g rad ien t  a c t s  t o  cause the  t r a n s p i r a t i o n  flow t h r u  each segment 

t o  be h igher  than  average on the  downstream edge and lower than  

average on the  upstream edge. The maximum dis turbance  i n  

t r a n s p i r a t i o n  flow n e c e s s a r i l y  occurs on the  l a s t  p l a t e  i n  the  

dP i s  l a r g e s t .  a c c e l e r a t i n g  region,  where the  l o c a l  value of ---- dx 

The combination of s t r o n g  a c c e l e r a t i o n  (high K) and low blowing 

f r a c t i o n  produces the  l a r g e s t  percent  v a r i a t i o n s  i n  the  t r a n s p i r e d  
-6 

f low. Under these  condi t tons  ( K  = 1 , 4 5  x 10 ,F = +0.001) t h e  



t r a n s p i r a t i o n  flow a t  the  upstream and downstream edges of the  

worst p l a t e  d i f f e r e d  by 5%, 

The streamwise s t a t i c  pressure d i s t r i b u t i o n  along tphe t e s t  

s e c t i o n  was obtained from f o r t y - e i g h t  equal ly spaced pressure  

t aps  loca ted  on one of the s i d e  wa l l s .  Free-stream v e l o c i t y  d i s -  

t r i b u t i o n ,  and the  a x i a l  d i s t r i b u t i o n  of K , were c a l c u l a t e d  

from B e r n o u l l i ' s  equation. It w a s  confirmed experimentally t h a t  

w a l l  s t a t i c  pressure  t aps  loca ted  one-inch above the porous 

p l a t e s  adequately measure the  l o c a l  s t a t i c  pressure i n  the cen te r  

of the  duct :  i . e . ,  t he re  were no s i g n i f i c a n t  l a t e r a l  or  v e r t i c a l  

g rad ien t s  i n  s t a t i c  pressure i n  t h e  p o t e n t i a l  core f o r  

-6 
0 - < K - < 1.45 x 10 , i n  the region of the  boundary l a y e r .  

A l l  s t agna t ion  pressures  were measured with f l a t t e n e d  mouth 

p i t o t  probes, approximately 0.015 inches high by 0.040 wide. A 

d e s c r i p t i o n  of these  probes and a p p l i c a t i o n  of the appropr ia te  

c o r r e c t i o n s  can be found i n  references  [2] and [ l l ] .  The boundary 

l a y e r  temperature probe cons is ted  of an iron-constantan thermo- 

couple with the  junct ion f l a t t e n e d  t o  a  height  of 0.009 inches.  

E l e c t r i c a l  con t inu i ty  was used t o  e s t a b l i s h  the  l o c a t i o n  of 

contac t  between w a l l  and probe. A one-inch displacement micro- 

meter, having a  l e a s t  count of 0.001 inch, provided the  means of 

measuring v e r t i c a l  displacement. 

A uniform hydrodynamic and energy p o t e n t i a l  flow core 

e x i s t e d  on a l l  t e s t  runs. Tests  with a  constant  temperature hot  

wire anemometer e s t ab l i shed  a  maximum turbulence i n t e n s i t y  of 

1~2% a t  an entrance free-s tream ve loc i ty  of 44 f t / s e c .  For the  

t e s t s  a t  entrance ve loc i ty  of 25 f t / s e c ,  the lowest f ree-s t ream 



v e l o c i t y  used,  t h e  f r ee - s t r eam tu rbu lence  i n t e n s i t y  was reduced 

t o  0,8$ with  t h e  a d d i t i o n  of a s p e c i a l  s e t  of f low s c r e e n s .  

To achieve cons t an t  K f low a t  F = 0 , t h e  f l e x i b l e  upper 

w a l l  was ben t  downward a t  a c o n s t a n t  s l o p e .  When uniform blowing 

i s  p r e s e n t ,  a c o n s t a n t  s loped  upper w a l l  s t i l l  p rov ides  a  reason-  

ab ly  cons t an t  K f low. 

For  a f i x e d  i n l e t  v e l o c i t y ,  l a r g e  va lues  of K a r e  achieved 

a t  t h e  expense of t e s t i n g  l eng th .  Thir ty- two inches  of t e s t  

s u r f a c e  were exposed t o  t h e  maximum K achieved i n  t h i s  s tudy  

(1.45 x K v a r i e d  from i t s  i n i t i a l  l e v e l  ( K  = 0 )  t o  i t s  

maximum i n  about 1 .4  f e e t ,  and a f t e r  a c c e l e r a t i o n  recovered t o  

K = 0 i n  about 1 . 0  f e e t .  

When Re a t  the  s t a r t  of a c c e l e r a t i o n  was approximately M 
equa l  to t h e  a n t i c i p a t e d  asymptotic Re,, , t h e  f low ad jus t ed  t o  

1'1 

i t s  asymptotic cond i t i on  i n  a  r e l a t i v e l y  small d i s t a n c e .  It was 

no t  always p o s s i b l e  t o  achieve t h i s  condi t ion ;  t h e  l a r g e s t  pe rcen t  

d e v i a t i o n s  from the  asymptotic c o n d i t i o n  were a s s o c i a t e d  wi th  t he  

h ighe r  s u c t i o n  runs .  

WALL HEAT FLUX AND QUALIFICATION TESTS 

* I !  The s u r f a c e  h e a t  f l u x ,  q7: , was c a l c u l a t e d  from an energy 

balance performed on a  c o n t r o l  volume cover ing t h e  c e n t e r  s i x  

inches  of porous p l a t e ,  Applying t h e  1st Law of Thermodynamics 

t o  t h e  c o n t r o l  volume y i e l d s ,  

4; = e l e c t r i c  power - l o s s e s  - f i M ( i S , ,  - iT) 

D e s c r i p t i o n  of t h e  va r ious  l o s s e s  can be found i n  r e f e rence  [I]. 



To q u a l i f y  t h e  t e s t  r i g ,  a  s e r i e s  of energy balance t e s t s  

were performed before  and a f t e r  these t e s t s .  These t e s t s  a re  

rou t ine ly  conducted every s i x  months t o  confirm the  v a l i d i t y  of 

the  thermal model. The t e s t  procedures a r e  documented i n  r e f -  

erence [I]. The energy balance t e s t s  do not u t i l i z e  main-stream 

flow; the  top  cover i s  removed s o  as  t o  provide one-dimensional 

flow of t r a n s p i r e d  f l u i d .  Under these condi t ions  6; = 0 thus  

enabl ing the  ind iv idua l  energy t r a n s f e r  mechanisms i n  Eq. (2)  

t o  be properly evaluated f o r  each p l a t e .  Upon completion of 

these  t e s t s ,  i t  was concluded t h a t  no s i g n i f i c a n t  change i n  the  

c h a r a c t e r i s t i c s  of the  apparatus had occurred during the course 

of these  t e s t s .  

Based on t h e  method of Kline and McClintock [ l o ] ,  the c a l -  

cu la ted  uncer t a in ty  i n  S tac tzc  number was - f Q.0001 f c r  all but 

t h e  high suc t ion  runs (F = -0.002 and -0.004) .  A t  these  higher  

s u c t  ion f r a c t i o n s ,  t h e  S t  uncer ta in ty  i n t e r v a l  rose t o  +0.0002, 

The uncer t a in ty  i n  enthalpy thickness  Reynolds number ( ca lcu la ted  

from the  two-dimensional energy i n t e g r a l  equat ion)  averaged ap- 

proximately 2% of the  repor ted  value f o r  a l l  but  the  higher  s u c t i o n  

runs.  Uncer ta in t ies  i n  the  acce le ra t ion  parameter K ranged from 

8% t o  17% of t h e  reported va lues .  For a  d iscuss ion  of the  un- 

c e r t a i n t i e s  i n  cf , see reference [11],  or  reference [6]. 

ROUGHmSS AND TWO-DIMENSIONALITY 

The RMS roughness of the  p l a t e  sur faces  var ied  between 50 

and 200 microinches, measured with a  h a l f  - m i l  s t y l u s ,  Roughness 

e f f e c t s  on cf/2 and St  can probably be discounted i f  t h i s  



roughness is  small  compared t o  t h e  th ickness  of the  e f f e c t i v e  

laminar sublayer ,  

Assuming the  sublayer  f o r  an impermeable, f l a t  p l a t e  flow 

t o  extend t o  y+ = 5 , t h i s  represents  a  phys ica l  thickness  of 

O . O O l 5  inches when ReM = 500 and Urn = 125 f t / s e c g  well  be- 

yond the  0.0002 inch maximum roughness, A l l  impermeable f l a t  

p l a t e  d a t a  reported here a re  f o r  condi t ions which a re  conservat ive 

compared t o  these  condi t ions ,  

The e f f e c t s  of su r face  roughness have not  been es t ab l i shed  

f o r  blown a,nd sucked l a y e r s ,  but  Simpson [2]  and o thers  have 

shown t h a t  the  sublayer  th ickness  decreases with blowing while 

the  d a t a  repor ted  here show t h a t  a c c e l e r a t i o n  tends t o  th icken 

the sublayer .  The most c r i t i c a l  condi t ions ,  the re fo re ,  would be 

those i n  t he  recovery region: i . e . ,  with no acce le ra t ion ,  with 

a  high blowing f r a c t i o n ,  and with a high f r e e  stream v e l o c i t y .  

Data were taken a t  F = +0.006 and U, = 75 f t / s e c  i n  the 

recovery region fol lowing a s t rong  acce le ra t ion .  Even under 

these  condi t ions  the  value of s k i n  f r i c t i o n  was such t h a t  t h e  

viscous sublayer  extended a t  l e a s t  t o  y  = 0.001 (assuming a  

c r i t i c a l  y+ of 1 . 0 )  which again seems s a f e .  

Velocity p r o f i l e  and hea t  t r a n s f e r  d a t a  were taken a t  con- 

s t a n t  f ree-s t ream v e l o c i t i e s  of 42, 86 and 126 ft /second with 

no blowing. The r e s u l t i n g  values of f r i c t i o n  f a c t o r  and Stanton 

+ number, and the u  - y f  p r o f i l e s  agreed with accepted s tandards 

f o r  the  42 and f o r  the  86 ft /second da ta .  The f r i c t i o n  f a c t o r  
+ + 

was about 8% high f o r  the 126 ft /second da ta ,  and the u  - y 

p r o f i l e s  showed a  s h i f t  t o  a  lower value of the constant  ( t o  a  



value  of 4 . 0 ) .  A l l  of t h e  t a b u l a r  d a t a  r epo r t ed  he re  a r e  f o r  

v e 1 o c i t i . e ~  l e s s  t han  75 f t / second  and, consequent ly ,  a r e  f e l t  

t o  be f r e e  of roughness e f f e c t s .  

Two d imens iona l i ty  of a  boundary l a y e r  flow can be e s t a b -  

l i s h e d  only by e l a b o r a t e  and p r e c i s e  t r a v e r s i n g  of t h e  boundary 

l a y e r .  This was not  done i n  t h e  p r e s e n t  t e s t s ,  b u t  t h e r e  is  

s t r o n g  secondary evidence t h a t  t h e  f low was acceptab ly  two- 

dimensional ,  F i r s t ,  t h e  spanwise v a r i a t i o n  of momentum t h i c k n e s s ,  

a c r o s s  t h e  c e n t e r  6 - inch  span,  was on t h e  o rde r  of 6%-8% which 

prec ludes  any major c r o s s  f lows .  Second, and most impor tan t ,  

i s  t h e  evidence a v a i l a b l e  from energy balance c o n s i d e r a t i o n s  

a p p l i e d  t o  t he  boundary l a y e r ,  

The l o c a l  en tha lpy  t h i c k n e s s ,  A2 , was c a l c u l a t e d  from i t s  

def i n i t  Tsn, 

and from t h e  two-dimensional energy i n t e g r a l  equa t ion  w i t h  c o n s t a n t  

s u r f a c e  temperature ,  

The v e l o c i t y  p r o f i l e s  of J u l i e n  [ l l ]  ( a l s o  summa,rized i n  

J u l i e n ,  Kays, and Mof f a t  [ 6 ]  ) , t aken  under i d e n t i c a l  f r e e  s t ream 

and blowing f r a c t i o n  o p e r a t i n g  cond i t i ons  on the  same appa ra tus ,  



and the  measured temperature p r o f i l e s ,  were used t o  c a l c u l a t e  

L12 from Eq. (3). Experimental S t  . U, , and F were 

u t i l i z e d  i n  Eq. (4) t o  c a l c u l a t e  L12 . 
The uncer t a in ty  i n  A2 from Eq. (3) ranged from 3% t o  8% 

f o r  F - > -0.001 . Uncertainty i n  A2 from Eq. (4 )  ranged from 

2% t o  6% f o r  F - > -0.001 . It was concluded f o r  F - > -0.001 

t h a t  when A2 from Eq. (3) was wi th in  8% of A2 ca lcu la ted  

from Eq. ( 4 ) ,  the boundary l a y e r  development along the  t e s t  

sur f  ace was s u f f i c i e n t l y  two-dimensional. Excluding the f i r s t  

temperature p r o f i l e ,  t h a t  being i n  the  cons tant  U, region 

preceding acce le ra t ion ,  a l l  da ta  f o r  F - > -0.001 met t h i s  two- 

dimensionali ty c r i t e r i o n .  

The uncer t a in ty  i n  A2 from equat ions (3) and (4)  became 

g r e a t e r  than 10% f o r  F = -0.002 . This l a r g e  uncer ta in ty  means 

t h a t  t h i s  method i s  u n s a t i s f a c t o r y  f o r  checking two-dimensionality 

f o r  those condi t ions .  A l l  zero pressure g rad ien t ,  f l a t - p l a t e  s k i n  

f r i c t i o n  and heat  t r a n s f e r  d a t a  corresponding t o  F = -0.002 agreed 

with the  twa-dimensional da ta  of re ferences  [ l ]  and [ 2 ] .  

Conclusions regarding two-dimensionality of the flow a r e  a s  

follows : 

1. The pressure g rad ien t  and recovery sec t ion  d a t a  descr ibe  

the c h a r a c t e r i s t i c s  of a  near ly  two-dimensional tu rbu len t  

boundary l a y e r .  

2  P r io r  t o  acce le ra t ion ,  the  experimental  S t  anton numbers 

obeyed an accepted smooth wall ,  two-dimensional c o r r e l a t i o n  

wi th in  +5$ . - 



DETERMINATION OF BOUNDARY LAYER INTEGRAL DESCRIPTORS 

Boundary l a y e r  en tha lpy  t h i c k n e s s e s  were c a l c u l a t e d  from 

tempera ture  and v e l o c i t y  p r o f i l e  d a t a  a s  w e l l  a s  from i n t e g r a t i o n  

of t h e  two dimensional  energy i n t e g r a l  equa t ion  a long  t h e  p l a t e  

s u r f a c e .  Ne i ther  a r a d i a t i o n  nor  a t u r b u l e n t  f l u c t u a t i o n  c o r -  

r e c t i o n  was a p p l i e d  t o  t h e  i n d i c a t e d  probe t empera tu re s .  E r r o r s  

induced as a  r e s u l t  of " w a l l  e f f e c t s "  were assumed n e g l i g i b l e .  

The l e n g t h  of b a r e  thermocouple wire  exposed t o  t h e  f low was 

s e l e c t e d  t o  reduce t h e  conduct ion l o s s  from t h e  j u n c t i o n .  It 

was assumed t h a t  t h e  i n d i c a t e d  probe temperature  corresponded 

t o  t h e  y - p o s i t i o n  of t h e  p r o b e ' s  h a l f - h e i g h t .  The u n c e r t a i n t y  

i n  y - p o s i t i o n  was assumed t o  be - +0.001 inch .  Local  v e l o c i t i e s  

were low enough s o  as t o  y i e l d  no s i g n i f i c a n t  d i f f e r e n c e  between 

I I l o c a l  a d i a b a t i c  probe"  and s t a g n a t i o n  tempera tures .  

+ 
I n  t he  w a l l  dominated r eg ion  of t h e  boundary l a y e r ,  tf - y  

coo rd ina t e s  a r e  a p p r o p r i a t e .  The tf and y+ v a r i a b l e s  were 

eva lua t ed  u s i n g  f r e e - s t r e a m  f l u i d  p r o p e r t i e s .  The S tan ton  number 

con ta ined  i n  t h e  d e f i n i t i o n  of tf was c o r r e c t e d  t o  c o n s t a n t  

p r o p e r t i e s ,  employing t h e  assumption t h a t  t h e  h e a t  t r a n s f e r  coe f -  

f  i c i e n t  v a r i e s  a s  t h e  nega t ive  0  .& power of ( T ~ / T , )  . The s k i n  

f r i c t i o n  c o e f f i c i e n t ,  ob ta ined  from re f e r ence  1 1 1 1 ,  corresponds  

t o  approximately t h e  same f r ee - s t r eam c o n d i t i o n s .  

The v e l o c i t y  p r o f i l e  d a t a  were t aken  i n  s e p a r a t e  i so the rma l  

t e s t s ,  s ee  r e f e r ence  [ i l l ,  o r  r e f e r ence  [6], and no t  dur ing  t h e  

h e a t  t r a n s f e r  t e s t s .  An exper imental  and a n a l y t i c a l  s tudy  was 

under taken t o  f i n d  t h e  most accu ra t e  method of combining i so thermal  



hydrodynamic p r o f i l e  ciata wi th  temperature  p r o f  l l e  data. f r o r  

t he  h e a t  t r a n s f e r  case  s c  as  t o  c a l c u l a t e  l o c a l  arf 
d i - 

[Lzj. From t h i s  s tudy it vdas concluded t h a t  Lf tqe  Cree-strs3r  

concli t ions a r e  s i m i l a r  f o r  tl- e isotlierrnal and nonisc5-ermal  

c a s e s ,  a good approximation t o  apply i n  c a l c u l a t i n g  wi th  

h e a t  t r a n s f e r  i s  (x) = (L) , where ( )H and ( ) I  sub- 
& H % I 

s c r i p t  n o t a t i o n  des igna t e  h e a t  t r a n s f e r  and i so the rma l  s i t u a t i o n s ,  

r e s p e c t i v e l y .  This same r e l a t i o n s h i p  can a l s o  be used i n  t he  
T, 

e v a l u a t i o n  of A . These r e s u l t s  apply when 0 .95  < - < 1 . 0 5  , 
Tw - 

and were v e r i f i e d  by experiments conducted wi th  blowing and 

f avo rab le  p re s su re  g r a d i e n t .  For t h e  range of exper imenta l  con- 

d i t i o n s  r epo r t ed  i n  t h i s  paper ,  t he  e r r o r  i n  62 and A2 r e -  

s u l t i n g  from t h i s  approximation i s  on t h e  order  of 1%. 

Local S tan ton  number was c a l c u l a t e d  from i t s  d e f i n i t i o n ,  

A s  p r e sen ted  i n  t he  t a b l e s ,  i t  has - not  been c o r r e c t e d  f o r  t he  i n -  

f luence of t h e  35-40°F temperature  d i f f e r e n c e s  e x i s t i n g  between 

f r ee - s t r eam and t h e  w a l l  s u r f a c e s .  

The r epo r t ed  va lues  of ReH were c a l c u l a t e d  by i n t e g r a t i o n  

of t h e  two-dimensional energy i n t e g r a l  equa t ion  ( cons t an t  to ) , 



s t a r t i n g  wi th  an es t imace of t h e  en tha lpy  t h i c k n e s s  a t  the  

beg inn ing  of t h e  heated p l a t e .  4n excep t ion  t o  t h i s  p r Q c e 6 ~ r e  

i s  a t  t h e  p o i n t s  where temperature  and v e l o c i t y  t r a v e r s e s  were 

. - mad.€, and were Eq. (3)  was used t o  eva lua t e  A2 . TPus a- r  :3es 

of t h e  u n c e r t a i n t y  i n  the  r epo r t ed  va lues  of Re, can be had by 
- - 

comparing t h e  r e s u l t s  of two complete ly  independent p rocedures .  

EXPERIMENTAL RESULTS 

The h e a t  t r a n s f e r  d a t a  r epo r t ed  he re  a r e  t aken  from t h e  

l a r g e r  program repo r t ed  by Thie lbahr  [12] cover ing  a c c e l e r a t i o n s  

-6 a t  K = 0.55,  0 .75 ,  and 1 .45 x 10 . The t a b u l a r  and g r a p h i c a l  

r e s u l t s  p r e sen t ed  he re  should  s u f f i c e  t o  d e s c r i b e  t h e  p r i n c i p a l  

e f f e c t s  of a c c e l e r a t i o n  w i t h i n  t h i s  range.  A p r e d i c t i o n  program 

which p rope r ly  handles  t h e  impermeable f l a t  pla,te ca se ,  t h e  

e a r l i e r  r e s u l t s  of Moffat and Kays [ I ] ,  and t h e  cond i t i ons  r e -  

po r t ed  he re  w i l l ,  i n  a l l  p r o b a b i l i t y ,  adequa te ly  p r e d i c t  a l l  t h e  

i n t e rmed ia t e  d a t a .  

The exper imenta l  r e s u l t s  f o r  one va lue  of t he  a c c e l e r a t i o n  

-6 
parameter ,  K = 1.45 x 10 , and t h r e e  va lues  of t h e  blowing 

f r a c t i o n ,  F = -0.002 , 0 . 0  , and +0.0058 , a r e  p re sen t ed  i n  

t a b u l a r  form i n  Tables  1 and 2 .  The same d-ata a r e  shown graph- 

i c a l l y  i n  F i g s .  1-5, b u t  i n  a d d i t i o n  S tan ton  number d a t a  i s  p re -  

s en t ed  i n  F i g s .  1 and 2 f o r  F = f0 .004 ,  +0.002, and -0.004.  

I n  Table 1, Stan ton  numbers a r e  p r e sen t ed ,  f o r  each of t h e  

t h r e e  runs cons idered ,  a s  a f u n c t i o n  of a x i a l  p o s i t i o n  a long  the  

t e s t  p l a t e  beginning wi th  p l a t e  #3. The S t an ton  numbers a r e  



averages  over  a 4- inch  p l a t e ,  b u t  a r e  presenLed a s  1 o c a l  S t an ton  

numbers a t  x - d i s t a n c e s  which a r e  measured Sv'om the  beg inn ing  of 

t h e  f i r s t  p l a t e  t o  t h e  c e n t e r l i n e  of t h e  Lndicatecl p l a t e ,  An 

excep t ion  t o  t h i s  r u l e  i s  t h e  ca se  of t h e  p o s i t i o n s  f o r  which 

cf /2  i s  i n d i c a t e d .  These a r e  p o s i t i o n s  a t  which temperature  

and v e l o c i t y  p r o f i l e s  have been taken,  and t h e  l o c a l  S t an ton  

number f o r  each of t h e s e  p o s i t i o n s  has  been es t imated  by i n t e r -  

p o l a t i n g  on a  smooth curve through the  d a t a  a t  t h e  p l a t e  c e n t e r -  

l i n e s .  

For  each of t h e  t h r e e  t a b u l a t e d  runs ,  t h e r e  i s  an approach 

s e c t i o n  f o r  which K = 0  , and t h e  f i r s t  of  t h e  v e l o c i t y  and 

temperature  p r o f i l e s  a r e  t a k e n  i n  t h i s  s e c t i o n ,  Three (and i n  

one ca se ,  f o u r )  p r o f i l e s  a r e  t aken  i n  t h e  a c c e l e r a t i o n  r eg ion ,  

and then t h r e e  ( o r  two) i n  t h e  recovery r e g i o n  fo l lowing  ac-  

c e l e r a t i o n .  The en tha lpy  th i cknes s  Reynolds numbers, ReH , 

obtained from t h e  temperature  and v e l o c i t y  p r o f i l e s  a r e  i n d i c a t e d  

by (*) ; a l l  o t h e r  va lues  of ReH a r e  ob t a ined  by i n t e g r a t i o n  of 

E q .  (6). h comparison of t h e  va lues  of ReH obta ined  by t h e  two 

methods prov ides  an i n d i c a t i o n  of t he  u n c e r t a i n t y  i n  Reynolds 

number. 

Note t h a t  t h e  momentum th i cknes s  Reynolds numbers, ReM , 

appear  t o  approach a  c o n s t a n t  va lue  i n  t h e  a c c e l e r a t e d  r eg ion ,  

a s  i s  sugges ted  by E q .  (1). This i s  p a r t i c u l a r l y  n o t i c e d  i n  t h e  

run f o r  F = +0.0058, where t h e  a n t i c i p a t e d  asymptotic Reynolds 

number i s  c l o s e l y  approached j u s t  be fo re  a c c e l e r a t i o n  s t a r t s .  

For t h e  o t h e r  two runs ,  t h e  approach Reynolds number cons ide rab ly  



exceeds the  apparent  asymptot ic  va lue ,  w i th  t h e  r e s u l t  t h a t  

t h e r e  i s  a cont inuous decrease  i n  Reynolds number dur ing  ac-  

c e l e r a t i o n .  Af t e r  a c c e l e r a t i o n ,  Re i n  a l l  cases  i n c r e a s e s ,  
M 

Note t h a t  ReH cont inuous ly  i n c r e a s e s  i n  a l l  ca ses  be fo re ,  

dur ing ,  and a f t e r  a c c e l e r a t i o n .  This i s  c o n s i s t e n t  w i t h  Eq .  

( 6 ) ,  which un l ike  t h e  analogous Eq. ( I ) ,  does no t  c o n t a i n  an 

e x p l i c i t  a c c e l e r a t i o n  term. However, Eq. (6)  does i n d i c a t e  t he  

p o s s i b i l i t y  of a  c o n s t a n t  ReH boundary l a y e r  when F is  

n e g a t i v e  ( s u c t i o n )  s o  t h a t  S t  = -F . An example of t h i s ,  which 

w i l l  occur whether t h e r e  i s  a c c e l e r a t i o n  o r  no t ,  w i l l  be shown 

i n  t h e  F igu res .  

I n  Table 2,  a l l  of t h e  temperature  p r o f i l e s  i n d i c a t e d  i n  

Table 1 a r e  presen ted  i n  d e t a i l .  A t  each p o s i t i o n  t h e  normal 

d i s t a n c e  y  is given,  a long with  t h e  non-dimensional g' and. 

t+ . Addi t iona l ly ,  a t  t h e  f i r s t  s t a t i o n  f o r  each run,  x = 

- 
13.78 i n . ,  u/U, and t a r e  given s o  t h a t  those  d e s i r i n g  t o  

t , e s t  t h e o r e t i c a l  models i n  thermal  boundary l a y e r  p r e d i c t i o n  

schemes have a l l  of t h e  necessary  d a t a  t o  s t a r t  c a l c u l a t i o n s  a t  

x  = 13.78 i n .  

F i g s ,  1 and 2 show p l o t s  of S tan ton  number as a  f u n c t i o n  of 

ReH 
f o r  s i x  d i f f e r e n t  va lues  of F , i nc lud ing  the  t h r e e  va lues  

of F  given i n  t he  Tables .  The open d a t a  p o i n t s  a r e  those  f o r  

which ReH has  been eva lua t ed  by i n t e g r a t i o n  of Eq. (6 ) ;  t h e  

f i l l e d - i n  d a t a  p o i n t s  d i f f e r  only i n  t h a t  ReH i s  eva lua t ed  from 

t h e  temperature  and v e l o c i t y  p r o f i l e s ,  and Eq. (3), The dashed 

l i n e s  a r e  t he  r e s u l t s  of Moffat and Kays [ I ]  f o r  t r a n s p i r a t i o n  

wi th  cons t an t  f r ee - s t r eam v e l o c i t y .  



Most of t he  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of the  t r a n s p i r e d  

and a c c e l e r a t e d  t u r b u l e n t  boundary l a y e r  can be s een  i n  t h e  d a t a  

on t h e s e  f i g u r e s .  For F  = 0 , F i g .  1, a c c e l e r a t i o n  causes  a  

decrease  i n  S tan ton  number below t h e  expected va lue  f o r  cons t an t  

U, . This decrease  i s  caused p r i m a r i l y  by an i n c r e a s e  i n  t h e  

v i scous  sub laye r  t h i ckness ,  as i s  d i scussed  i n  r e f e rence  [5]. 

Higher va lues  of K cause a more pronounced decrease ,  and i f  

K i s  s u f f i c i e n t l y  h igh ,  t h e  boundary l a y e r  w i l l  appa ren t ly  

r e v e r t  t o  a  completely laminar  one. However, a t  K = 1 . 4 5  x 

I I t h e r e  i s  no evidence of l a m i n a r i z a t i o n " .  

Following a c c e l e r a t i o n ,  t h e r e  i s  an abrupt  i n c r e a s e  i n  

S t an ton  number a s  t h e  sub layer  r e t u r n s  t o  i t s  ze ro-pressure-  

g r a d i e n t  cond i t i on ,  b u t  now t h e  thermal  boundary l a y e r  i s  t h i c k e r  

t han  t h e  momentum boundary l a y e r  (see  comparison of ReH and. 

ReM i n  Table l ) ,  and the  r e t u r n  t o  t he  cons t an t  U, va lue  of 

S t an ton  number i s  no t  complete. The recovery i s  r a t h e r  slow, 

b u t  t h i s  i s  p r e d i c t a b l e  from the  i n t e g r a l  equat ion;  Eqs. (1) 

and ( 6 ) .  Recovery w i l l  no t  be complete u n t i l  ReM has c l o s e l y  

approached i t s  u s u a l  r e l a t i o n s h i p  t o  ReH . 
The r e s u l t s  f o r  blowing, F  = +0.004 on F ig .  1, and 

F  = +0.002 and +0.0058 on F ig .  2, do not  show a  d i p  i n  S tan ton  

number w i th  a c c e l e r a t i o n ;  i n  f a c t  f o r  F  = +0.0058 t h e r e  i s  

a c t u a l l y  an  inc rease  i n  S tan ton  number when a c c e l e r a t i o n  i s  

a p p l i e d .  Blowing a lone causes  a very s u b s t a n t i a l  drop i n  

f r i c t i o n  c o e f f i c i e n t ,  and i n  S tan ton  number, caused p r i m a r i l y  by 

the  i n f luence  of t r a n s p i r a t i o n  on the  shea r  s t r e s s  and h e a t  f l u s  



d i s t r i b u t i o n  i n  the  region near the wa l l ,  This e f f e c t  can be 

r e a d i l y  seen i f  the  region near the  wal l  i s  approximated as  a 

Couette flow, and the r e s u l t i n g  equat ions f o r  shear  s t r e s s  and 

hea t  f l u x  a r e  examined. 

Blowing a l s o  causes a decrease i n  the viscous sublayer  th ickness ,  

but  t h i s  i s  much more than o f f s e t  by the  shear  s t r e s s  and hea t  

f l u x  e f f e c t .  Accelerat ion causes an opposite e f f e c t  on shear  

s t r e s s  d i s t r i b u t i o n  from t h a t  caused by blowing (note i n  E q .  

(7) t h a t  a c c e l e r a t i o n  corresponds t o  negat ive P') , r e s u l t i n g  i n  

an increase i n  f r i c t i o n  c o e f f i c i e n t  (see Table 1 f o r  F = +0.0058). 

There i s  no d i r e c t l y  analogous e f f e c t  on heat  f l u x  d i s t r i b u t i o n  

(see Eq. ( 8 ) ) ,  but  hea t  f l u x  d i s t r i b u t i o n  i s  i n d i r e c t l y  a f f e c t e d  by 

t h e  newly es t ab l i shed  v e l o c i t y  d i s t r i b u t i o n .  The r e s u l t  i s  t h a t  

Stanton number responds as  does the  f r i c t i o n  c o e f f i c i e n t ,  although 

not s o  markedly, and p a r t l y  regains  what i t  has l o s t  as  a  r e s u l t  

of blowing a lone .  Accelerat ion a l s o  causes an increase  i n  the 

viscous sublayer  th ickness ,  as  i s  the case f o r  no t r a n s p i r a t i o n ,  

but t h i s  e f f e c t  i s  evident ly  more than  o f f s e t  by the  shear  s t r e s s  

e f f e c t  when t h e  blowing f r a c t i o n  i s  l a r g e .  

Suction alone r e s u l t s  i n  an increase  i n  Stanton number and 

f r i c t i o n  c o e f f i c i e n t ,  due again t o  the  inf luence of t r a n s p i r a t i o n  

on the  heat  f l u x  and shear  s t r e s s  d i s t r i b u t i o n .  In  t h i s  case ,  

however, a c c e l e r a t i o n  has a  very s t rong  e f f e c t  on Stanton number, 

see Fig .  2 f o r  example, while the  e f f e c t  on cf/2 i s  s l i g h t ,  

-18- 



see  Table 1. Suct ion  causes  a th i cken ing  of t he  v i scous  sub- 

l a y e r ,  and a c c e l e r a t i o n  f u r t h e r  th ickens  it, i n s t e a d  of opposing 

as i s  the  case  f o r  blowing and a c c e l e r a t i o n .  The s u b s t a n t i a l  

decrease  i n  S t an ton  number caused by a c c e l e r a t i o n  of a sucked 

boundary l a y e r  is  b e l i e v e d  t o  be p r imar i ly  t h e  v i scous  sub laye r  

e f f e c t .  

It i s  i n t e r e s t i n g  t o  no te  t h e  l i m i t a t i o n  imposed by the  

energy i n t e g r a l  equa t ion ,  Eq. ( 6 ) ,  on the  s u c t i o n  h e a t  t r a n s f e r  

behavior .  I f  t h e  sucked gas  i s  a t  p l a t e  temperature  when i t  

reaches  t h e  p l a t e  s u r f a c e ,  t h e  s u c t i o n  l i m i t  i s  reached s o  t h a t  

S t  = -F . For t h e  ca se  of F  = -0,002 on F i g .  2, t h e  s u c t i o n  

l i m i t  i s  almost  reached i n  t h e  a c c e l e r a t e d  region.  For the  case  

of F  = -0.00395 on F ig .  1, t h e  s u c t i o n  l i m i t  i s  a c t u a l l y  

a t t a i n e d ,  and t h e  c l u s t e r  of d-ata p o i n t s  around S t  = 0.004 is  

an i n d i c a t i o n  of a cons t an t  va lue  of ReH and S t  and the  

random exper imental  u n c e r t a i n t y .  It appears  t h a t  Reg i s  de- 

c r e a s i n g  i n  t h e  a c c e l e r a t e d  reg ion ,  bu t  s i n c e  Reg i s  determined 

by i n t e g r a t i o n  of Eq. ( 6 ) ,  t h e  e r r o r  i n  ReH i s  cumulative.  

Temperature p r o f i l e s  were n o t  taken f o r  t h i s  run.  It i s  apparent  

t h a t  t h e  s u c t i o n  l i m i t  f o r  t h i s  run would have been reached with-  

ou t  a c c e l e r a t i o n  a t  about ReH = 640 . Accele ra t ion ,  by dec reas ing  

S tan ton  number, merely has t ens  t he  a t t a inmen t  of t he  s u c t i o n  l i m i t .  

The temperature  p r o f i l e s ,  F i g s .  3, 4,  and 5, s u b s t a n t i a l l y  

co r robora t e  t he  exp lana t ion  given above i n  connect ion wi th  t h e  

S tan ton  number behavior .  The va r ious  e f f e c t s  a r e  probably seen  

most c l e a r l y  i n  F i g .  4 f o r  F  = 0.0  . I n  t h e  i nne r  reg ion ,  

y' < 100, t h e  t', y+ behavior  i s  v i r t u a l l y  i d e n t i c a l  both  be fo re  

and a f t e r  a c c e l e r a t i o n .  During a c c e l e r a t i o n  the  i nne r  reg ion  d a t a  

-19- 



i s  again v i r t u a l l y  i d e n t i c a l  out t o  y+ equal  30 or  40, b u t  

t+ i n  t h i s  region i s  very s u b s t a n t i a l l y  h igher  than f o r  no 

+ a c c e l e r a t i o n .  This, along with the  same behavior i n  u  , yi 

p l o t s ,  can be discussed i n  terms of a  t h i c k e r  sublayer  during 

a c c e l e r a t i o n .  It can a l s o  be seen on t h i s  p l o t  t h a t  the  be- 

havior  i n  the  recovery region fol lowing a c c e l e r a t i o n  i s  almost 

e n t i r e l y  an ou te r  region e f f e c t ,  the  inner  region having quickly 

recovered. 

In  t h e  s t rongly  blown run, Fig.  5, s i m i l a r  viscous sublayer  

e f f e c t s  a r e  present ,  but  they make a  r e l a t i v e l y  smaller  cont r ibu-  

t i o n  t o  o v e r a l l  behavior.  Quite the  reverse i s  t r u e  f o r  suc t ion ,  

F ig .  3. 

SUMMARY AND CONCLUSIONS 

In  t h i s  paper experimental  da ta  have been presented f o r  

hea t  t r a n s f e r  t o  t r a n s p i r e d  tu rbu len t  boundary l a y e r s  subjected 

t o  moderately s t rong  acce le ra t ions  i n  which the  acce le ra t ion  

parameter, K , has been maintained approximately constant  at  

a  value of 1.45 x Various constant  t r a n s p i r a t i o n  f r a c t i o n s  

from -0.004 t o  4 . 0 0 5 8  have been considered. A l l  d a t a  were 

obtained with a uniform sur f  ace temperature i n  t h e  flow d i r e c t i o n .  

S u f f i c i e n t  documentat ion has been provided t o  e s t a b l i s h  the  

p r e c i s i o n  of the  da ta ,  and t o  allow meaningful comparisons with 

bound-ary l a y e r  p r e d i c t i o n  techniques.  

It has been shown t h a t  acce le ra t ion  can be i n t e r p r e t e d  as 

causing an increase i n  the  viscous sublayer th ickness ,  which has 



a  very  s u b s t a n t i a l  i n f luence  on l iea t  t r a n s f e r  behav ior  f o r  

s u c t i o n ,  a  moderate e f f e c t  f o r  no t r a n s p i r a t i o n ,  and very l i t t l e  

e f f e c t  f o r  s t r o n g  blowing. The boundary l a y e r s  remained t u r b u l e n t  

i n  c h a r a c t e r  f o r  t h e  a c c e l e r a t i o n  cons idered ,  K = 1 . 4 5  x 

For s u c t i o n ,  and f o r  no blowing, a c c e l e r a t i o n  causes  a  de- 

c r e a s e  i n  S t an ton  number below t h e  v a l u e  which would o b t a i n  a t  

t h e  same en tha lpy  t h i c k n e s s  Reynol-ds number wi thout  a c c e l e r a t i o n .  

With blowing, however, t h i s  decrease  i s  no t  noted,  and i n  f a c t  

a c c e l e r a t i o n  of a  h i g h l y  blown boundary l a y e r  w i l l  a c t u a l l y  cause  

an i n c r e a s e  i n  S tan ton  number. A q u a l i t a t i v e  exp lana t ion  f o r  

t h i s  behav io r  i s  p r e sen t ed .  

I n  t h e  r eg ion  fo l l owing  an a c c e l e r a t i o n ,  t h e  i n n e r  r e g i o n  

( i . e . ,  t h e  v i s cous  s u b l a y e r )  recovers  r a p i d l y  t o  i t s  e q u i l i b r i u m  

c o n d i t i o n s  f o r  no p re s su re  g r a d i e n t ,  b u t  the  o u t e r  r eg ion  recovers  

r a t h e r  s lowly,  appa ren t ly  because du r ing  a c c e l e r a t i o n  t he  thermal  

boundary l a y e r  has grown s u b s t a n t i a l l y  r e l a t i v e  t o  t h e  momentum 

b  ound-ary l aye  I-. 
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TABLE 1 

STANTON NU13ER RESULTS AND INTEGRAL PAM4ETERS 

Run IJo. 080669-1 

I: = 1.47 x nominal 

F = -0.002 2 0.00003 

t, = 66.7 2 0 . 5 ' ~ ,  t, = 102.2 2 0 . 8 ' ~  

P = 29.85 i n  ~g a t  e x i t  

X,in U,,ft/sec m1o6 ~e~ ~ e ? , ~  cf/2 s t  

 valuated from temperature and ve loc i t y  p ro f i l e s .  All 
o thers  from i n t e g r a l  energy equation. 

Run NO.  072968-1 Run No. 082768-1 

K = 1.47 x nominal K = 1 .45  x nominal 

F = 0.0 F = t0.0058 2 0.00006 

t, = 66.8  5 o . ~ O F ,  t, = 109.8 5 0 . 6 ' ~  t, = 67.6 2 0.8OF, tw = 98.8 2 1 . 3 O ~  

P = 29.82 i n  ~g a t  e x i t  P = 30.87 i n  ~g at e x i t  

X ,  i n  U,,ft/sec ~ x 1 0 ~  R ~ H  ~ e ~ . ~  cf/2 s t  x , i n  ~ , , f t / s e c  -lo6 ReH Rel4 cf/2 S t  



TABLE 2 

TEMPERATURE PROFIBS 

Run 080668-1 

Run 072968-1 



TABLE 2 (continued) 

Run 082768-1 
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